Transplanted pancreatic islets attain a chronically decreased vascular density following transplantation, despite the increased concentrations of vascular endothelial growth factor (VEGF) secreted from beta-cells in response to hypoxia during culture and in the immediate posttransplantation phase. VEGF, however, exerts dual effects on endothelial cells, and in islet endothelial cells of the adult, the vascular permeability-inducing effects of VEGF seem normally more pronounced than those to induce angiogenesis. p38 MAP kinase activity has recently been shown to serve as a switch to separate these properties of VEGF; inhibition of p38 MAP kinase activity enhances VEGF-induced angiogenesis and, at the same time, abrogates VEGFinduced vascular permeability. We hypothesized that the revascularization of transplanted islets may be hampered by a predisposition of adult islet endothelial cells to react to VEGF by forming fenestrae rather than migrating and proliferating. We therefore administered the p38 MAP kinase inhibitor SB203580 by daily IP injections for the first 14 days following transplantation, and then studied the influence of this treatment on the oxygen tension, blood perfusion, and vascular density of the islet grafts 1 month posttransplantation. SB203580 treatment redistributed islet graft blood vessels from the stroma into the endocrine tissue, and this redistribution of blood vessels into the endocrine tissue was accompanied by an increased oxygenation of the islet cells. However, the total number of blood vessels in the tissue was not affected. The blood perfusion of the islet grafts was also similar in control and SB203580-treated animals. Our results suggest that effects of VEGF to preferentially induce vascular permeability may partially contribute to, but is not the main cause of, low revascularization of transplanted islets.
INTRODUCTION
Both expansion of the remnant donor islet endothelial cell pool and ingrowth of recipient blood vessels from the surroundings have been shown to contribute in form-The islet endothelial cell mass rapidly expands postnatally (9), possibly to meet the new functional demands ing a new blood vessel system following transplantation (5, 21) . Ingrowing capillaries, however, acquire a pheno-on the pancreatic beta-cells and a need for increased insulin production. Our own recent experiments indicate type characteristic of the graft (i.e., also become islet blood vessels when making contact with the islet tissue) that rat pancreatic islets within the first postnatal week attain a vascular density similar to that seen in the adult (11) . Despite increased concentrations of VEGF secreted from beta-cells in response to hypoxia and transplanta- (15) . The early formation of a dense islet vascular network has been shown to crucially depend on vascular tion (32, 33) , transplanted islets become poorly revascularized (8, 25) . In fact, VEGF, in occurring concentra-endothelial growth factor (VEGF) secreted from the pancreatic beta-cells (19) . In adulthood, the islet endo-tions, does not seem to affect the revascularization process at all (30) . In this context it is interesting to note thelial cells, as the adjacent endocrine cells, have a very low proliferation rate (16) . In this situation, the main that VEGF, by binding to its receptors on endothelial cells, may induce p38 MAP kinase activity, and that p38 effect of beta-cell-secreted VEGF on adjacent endothelial cells seems instead to be to induce and maintain a MAP kinase serves as a signaling molecule to separate between angiogenesis-and vascular permeability-induc-high degree of fenestration (18, 19) . Measurements of pO 2 and Blood Flow  in Transplanted Islets  kinase activity enhances VEGF-induced angiogenesis,  and at the same time abrogates VEGF-induced vascular  One month posttransplantation, the animals were anpermeability. esthetized with avertin (cf. above), placed on an operat-We hypothesized that both the expansion of the doing table maintained at body temperature (37°C), and nor islet endothelial cell pool and ingrowth of endothetracheostomized. Polyethylene catheters were inserted lial cells from the recipient may be hampered by a preinto the right carotid artery and left jugular vein. The disposition of adult islet endothelial cells to react to former catheter was connected to a Statham P23dB pres-VEGF by forming fenestrae rather than migrating and sure transducer (Statham Laboratories, CA) to monitor proliferating. For this purpose, we administered the p38 mean arterial blood pressure, whereas the latter catheter MAP kinase inhibitor SB203580 by daily injections to was used for continuous infusion of Ringer solution (5 islet-transplanted animals for the first 14 days following ml kg −1 h −1 ) to substitute for loss of body fluid. transplantation, and evaluated the vascular engraftment A left subcostal flank incision was performed, and of the implanted islets 1 month posttransplantation.
the graft-bearing left kidney was immobilized in a plastic cup. The kidney was embedded in cotton wool MATERIALS AND METHODS soaked in Ringer solution and covered with mineral oil Animals (Apoteket, Gothenburg, Sweden) to prevent evaporation Male C57Bl/6 mice weighing approximately 30 g and keep the tissue moist and at body temperature. The were purchased from M&B Research and Breeding Cenblood perfusion of the islet graft and the adjacent renal ter (Ry, Denmark). The animals had free access to tap cortex was measured by laser Doppler flowmetry (PF water and pelleted food, and were housed in a room with 4001-2 Perimed, Stockholm, Sweden) with a needle a 12-h light/dark cycle and humidity of 70% throughout probe (411, tip 0.45 mm o.d.; Perimed). The flow probe the study. All experiments were approved by the animal was positioned perpendicular to the immobilized tissue ethics committee for Uppsala University.
surface by the use of a micromanipulator, and care was taken not to cause any compression of the tissue. At Islet Isolation and Culture least five blood flow measurements were performed in Mouse pancreatic islets were prepared by collagenase the transplanted islets and renal cortex in each animal. digestion and cultured for 3-4 days free-floating in The mean of these measurements from each animal was groups of 150 in 5 ml culture medium composed of calculated and considered to be one experiment. Be-RPMI-1640 medium (Sigma-Aldrich, St Louis, MO) cause it is difficult to calibrate the instrument in physical supplemented with 11 mmol/L D-glucose, L-glutamine units of blood flow, all blood flow values are given as (Sigma-Aldrich), 10% (v/v) fetal calf serum (Sigmaarbitrary tissue perfusion units (TPU). Aldrich), 0.17 mmol/L sodium benzylpenicillate (Roche The partial pressure of oxygen was measured in the Diagnostics, Scandinavia, Bromma, Sweden), and 0.17 islet graft and the adjacent renal parenchyma with modimmol/L streptomycin (Sigma-Aldrich) (1). The culture fied Clark microelectrodes (Unisense, Arhus, Denmark) medium was changed every second day.
(7,29). The electrodes (outer tip diameter 2-6 µm) were inserted into the tissues by the use of a micromanipula-Islet Transplantation tor under a stereomicroscope. At least 10 measurements After culture, groups of 250 islets were packed in a were performed in both the islet graft and the renal corbraking pipette and syngeneically implanted beneath the tex. The mean of all measurements, in each tissue and capsule of the left kidney in C57Bl/6 mice anesthetized animal, was calculated and considered to be one experiwith avertin [0.02 ml/g body weight of a 2.5% (v/v) ment. During the blood flow and pO 2 measurements, solution of 10 g 97% (v/v) 2,2,2-tribromoethanol (Sigma) blood pressure, body temperature, and tissue temperain 10 ml 2-methyl-2-butanol (Kemila, Stockholm, Sweture were continuously recorded with a MacLab Instruden), IP]. ment (AD Instruments, Hastings, UK) connected to a computer.
SB203580 Treatment
During the first 14 days following transplantation, the Measurements of pO 2 in Native Islets islet-transplanted mice received a daily IP injection with 20 µg of the p38 MAP kinase inhibitor SB203580 (Cal-Control animals were anesthetized with avertin and surgically prepared similar to the transplanted animals biochem, La Jolla, CA) dissolved in saline (200 µl) or saline alone. The dose of SB203580 used has previously (cf. above). However, in this case the pancreas instead of the kidney was exposed, immobilized, and its islets been shown to fully inhibit the p38 pathway in endothelial cells (13).
visualized (6,7). Measurements of pO 2 were performed p38 PATHWAY AND ISLET REVASCULARIZATION 485 in ≥ 3 superficial pancreatic islets and in the surrounding ing analysis of variance (ANOVA) and Bonferroni's post hoc test. For all comparisons, values of p < 0.05 exocrine parenchyma of each animal. Multiple measurements were usually performed in the same islet; the were considered statistically significant. mean was calculated to obtain the pO 2 value for one RESULTS islet. The mean of the islet oxygen tension values in one Treatment with SB203580 did not affect blood glucose animal was then considered to be one experiment. The concentrations in the transplanted animals [6.5 ± 0.2 (n = blood perfusion of native islets cannot be determined by 7) vs. 6.8 ± 0.3 mmol/L (n = 8), as evaluated at day 14 of laser Doppler flowmetry due to their small size. treatment for saline-and SB203580-treated animals, re-Measurements of Blood and Urine Parameters spectively]. No other side effects of SB203580, such as effects on body weight or animal behavior, could be dis-Blood glucose concentrations were determined with cerned. At the time of the blood flow and pO 2 measuretest reagent strips (Medisense; Baxter Travenol, Deerments 1 month posttransplantation, all animals had simifield, IL) from samples obtained from the cut tip of the lar blood glucose concentrations (ϳ7 mmol/L) and tail. At the end of blood flow and oxygen tension meamean arterial blood pressure (ϳ90 mmHg) (data not surements, a blood sample was collected for analysis of shown). In all islet transplants, pO 2 was markedly lower hematocrit (hct) and blood gases. pH <7.30, pO 2 <10 than in native islets (Fig. 1 ). However, in the animals kPa, pCO 2 >6.8 kPa, or hct <40 were used as exclusion treated with SB203580 in the early posttransplantation criteria from the study.
phase, pO 2 in the transplanted islets were higher than in Light Microscopic Evaluation transplanted control islets. The pO 2 in the renal cortex was 20-25 mmHg in all animals (detailed data not The graft-bearing left kidneys, or pancreata from conshown). Treatment with SB203580 following transplantrol animals, were removed following the pO 2 and blood tation did not affect the blood perfusion of the islet flow measurements, fixed in 10% (v/v) formaldehyde, grafts at 1 month posttransplantation (Fig. 2) . The blood and embedded in paraffin. Consecutive sections (5 µm perfusion of the grafts was 40-50% of that in the adjathick) of the islet grafts and pancreata were prepared and cent renal cortex. There were approximately 1100 blood stained for the lectin Bandeiraea (Griffonia) simplicivessels/mm 2 in native pancreatic islets (Fig. 3) . The vasfolia (BS-1), as described in detail elsewhere (25) . The cular density in the transplanted islets was much lower slides were counterstained with hematoxylin. In each anand it was reduced to only ϳ20% of that in native islets. imal, ≥ 12 tissue sections stained with BS-1 from all
The connective tissue stroma surrounding each individparts of the pancreas or islet transplants were randomly chosen and evaluated. The numbers of stained blood vessels in native and transplanted islets were quantified under a light microscope (magnification 600×). In the islet grafts, connective tissue surrounded the individual islets in the grafts. The number of blood vessels in the endocrine and connective tissue was therefore counted separately. The fraction of endocrine and connective tissue was determined by a direct point-counting method (35) . For this purpose, the number of intersections overlapping connective tissue stroma and endocrine cells within the islet grafts was counted at a magnification of 600×. Approximately 12 fields (corresponding to Ϸ1500 points) were counted in each islet graft. The area of the investigated native or grafted islets was determined by using a computerized system for morphometry (MOP-Videoplan; Carl Zeiss, Stockholm, Sweden). Vascular density [i.e., the number of stained blood vessels found per measured islet or graft area (mm 2 )] was then calcu- Multiple comparisons between data were performed us-number of graft blood vessels in the endocrine tissue in animals treated with SB203580 in the early posttransplantation phase (Fig. 4) . The fraction of the islet grafts consisting of connective tissue was similar in animals subjected to SB203580 and saline treatment [15.8 ± 1.2% (n = 8) and 15.3 ± 1.7% (n = 7), respectively].
DISCUSSION
Transplantation of pancreatic islets has in recent years become a potential treatment alternative for patients with type 1 diabetes mellitus. At present, however, islets from at least two donor pancreata are usually needed to cure a diabetic individual (4). The reasons for the need of this huge number of islets is unclear, but likely reflects cell death in the immediate posttransplantation period (2,3,10) as well as dysfunction of surviving tissue (14) . Moreover, low islet graft blood perfusion may cause delayed kinetics of hormonal release through insufficient drainage of secreted hormones (17) , and the ual transplanted islet was, on the other hand, highly vaslocal accumulation of hormones also most probably precularized [7657 ± 713 (n = 7) and 6612 ± 841 capillardisposes to the progressively increasing amyloid formaies/mm 2 (n = 8) for saline-and SB203580-treated animals, tion in the islet grafts (36) . Strategies to speed up and respectively]. There were no statistically significant difimprove islet revascularization are therefore needed. ferences for the vascular density in either the trans-We observed a rather large variation in the total numplanted endocrine tissue or the surrounding connective ber of blood vessels between different islet grafts. Howtissue stroma between animals subjected to SB203580 ever, the calculation of the fraction of blood vessels in or saline treatment. However, when evaluated for each the endocrine tissue within each islet graft enabled comindividual animal there was a larger fraction of the total parisons where such variations between animals could be disregarded. This analysis showed that inhibition of direct micropunction. However, the total number of REFERENCES blood vessels in the tissue was unaffected by SB203580 treatment. The blood perfusion of the islet grafts was 1. Andersson, A. Isolated mouse pancreatic islets in culture: also similar in control and SB203580-treated animals, Effects of serum and different culture media on the insulin production of the islets. Diabetologia 14:397-404; 1978. which is to be expected because both the blood perfu- 
